during meiosis I requires the kinetochore protein Sgo1/ Mnd2 Is Required for the Accumulation of Pds1 shugoshin (Watanabe, 2004) and the exchange of during Meiotic S-and Prophase I cohesins's Scc1 subunit for a meiosis-specific kleisin Next, we induced wild-type (wt) and mnd2D cells to called Rec8 (Klein et Pds1 normally and produced viable spores with wt kiTo investigate meiosis-specific aspects of APC/C netics (not shown). Thus, defective meiosis in mnd2D regulation we analyzed MND2 from budding yeast. cells results from the lack of meiosis-specific functions MND2 was discovered as a gene required for meiotic and not from Mnd2's absence during vegetative nuclear division but not for proliferation (Rabitsch et al., growth.
2001). Nuclear divisions could be restored in mnd2D
To investigate Pds1's fate in mnd2D cells undergoing mutants by preventing the formation of DSBs, suggestnuclear divisions, we analyzed mnd2D spo11D cells. ing that Mnd2 is required for the completion of recomWhereas Pds1myc18 was virtually undetectable after bination. However, genetic analysis indicated that the 2 hr time point in mnd2D single mutants (Figure 2A ), Mnd2 has additional functions independent of the reimmunoblotting revealed small amounts of Pds1myc18 combination process. Later on, the Mnd2 protein was in mnd2D spo11D cells during nuclear divisions (Figure found to be associated with the APC/C in vegetative 2C). Consistent with this, immunofluorescence from cells (Yoon et al., 2002 ). Here we show that Mnd2 prePds1myc18 appeared in mnd2D spo11D cells but only vents APC/C-Ama1 from triggering premature separaupon entry into metaphase I ( Figure 2D ). In the spo11D tion of sister chromatids. control cells, Pds1myc18 appeared normally, shortly before S phase. Thus, exit from prophase I allows Results mnd2D mutants to produce Pds1. This suggests that Mnd2 is required for Pds1 accumulation during S-and Mnd2 Disappears from the APC/C prophase I but not in metaphase I. during Anaphase II of Meiosis To test whether Mnd2 binds to the meiotic APC/C, the Mnd2 Is Required to Prevent Premature Separation complex was immunoprecipitated with anti-Myc antiof Sister Chromatids bodies as diploid APC2myc9 cells of the quickly sporuTo investigate the behavior of sister chromatids, we anlating SK1 strain progressed through meiosis (Figure alyzed a series of strains, each heterozygous for chro-1A). Mnd2 bound to the APC/C during early stages of mosome V marked with GFP at a different locus: 1.4 kb meiosis but when most cells had completed nuclear from the centromere (CenV-GFP), 35 kb from the cendivision Mnd2 levels dropped and the protein disaptromere (URA3-GFP), and 30 kb from the right telomere peared from the APC/C. In contrast, other subunits re-(TelV-GFP). In wt cells, TelV-GFP dots separate in anamained associated with the complex. Immunofluoresphase I whereas CenV-GFP and URA3-GFP dots sepacence from a functional Mnd2myc18 revealed that the rate only in anaphase II (Toth et al., 2000) . Up to 60% protein was present in nuclei from G1 until metaphase of mnd2D cells separated CenV-GFP dots, URA3-GFP II but then disappeared during anaphase II ( Figure 1B) . dots, and TelV-GFP dots although nuclear division Increased expression of MND2 in late meiosis led to failed in these cells. Dot separation occurred 1.5 to 2 constitutive binding to the APC/C, but this did not inhr earlier (relative to DNA replication) in the mutant cells terfere with the production of viable spores ( Figure S1 than in the wt (Figures 2A and S3A-S3C ). In fact, the available with this article online). As cells entered meiokinetics of sister separation in mnd2D cells was similar sis, Mnd2 was increasingly phosphorylated, as indito that in cells lacking the meiotic cohesin subunit Rec8 cated by the appearance of a phosphatase-sensitive ( Figure S3D ). Sisters separated prematurely in mnd2D shift in gel mobility. In conclusion, Mnd2 is a cell cycleregulated component of the meiotic APC/C. cells even if they lacked Ndt80 ( Figure S2 ) or were able to undergo nuclear division ( Figure 2C ). We conclude specific SCC1 promoter. The resulting P SCC1 -Ha3-PDS1 cells proliferated normally but lacked Pds1 in meiosis that Mnd2 is required during S-and prophase I to prevent premature separation of sister sequences around (not shown). Pds1-depleted cells separated sister chromatids prematurely, with kinetics similar to that of centromeres and on chromosomal arms.
Premature sister separation explains why deletion of mnd2D cells and also arrested in a prophase-like state ( Figure 2E (Klapholz et al., 1985) . In spo11D spo13D mnd2D cells, Pds1myc18 acmutation esp1-2 (Buonomo et al., 2000). Indeed, sister separation was blocked at 34°C in mnd2D esp1-2 cells cumulated only upon entry into metaphase and sister chromatids separated prematurely, prior to spindle for-( Figure 3A ). Replacing Rec8 with the noncleavable version Rec8-N (Buonomo et al., 2000) led to a similar remation and nuclear division. These unlinked sister chromatids segregated randomly, which yields inviable sult ( Figure 3B ). These data suggest that premature sister separation in mnd2D cells depends on the cleavage spores ( Figure S4 Figure 3C ). Chromosome spreading revealed that Rec8ha3 stably bound to the chromacient to restore cohesion through the inhibition of separase. wt cells expressing nondegradable Pds1 accutin from ndt80D cells. In contrast, the kleisin initially associated with chromatin in 58% of ndt80D mnd2D cells mulated Cdc20 on time, assembled metaphase spindles, and formed dyad spores (thereby fragmenting the chrobut then disappeared before cells had completed DNA replication ( Figure 3D ). Spreads from ndt80D cells armatin). In contrast, these processes did not occur in the corresponding mnd2D cells ( Figure 4A ). Consistent rested in pachytene (t = 8 hr) showed synapsed bivalents decorated with Rec8ha3 along their axes, whereas with this, esp1-2 cells but not esp1-2 mnd2D double mutants produced Cdc20 and formed spindles at 34°C ndt80D mnd2D cells yielded diffuse chromatin lacking Rec8ha3. Replacing Rec8ha3 with Rec8-N-ha3 re-(not shown). Thus, restoring sister chromatid cohesion is not sufficient to silence the pachytene checkpoint in stored cohesin binding to thread-like chromatin structures ( Figure 3E ). We conclude that Mnd2 is required mnd2D cells. This suggests a function for Mnd2 in the completion of recombination, which is independent for the persistence of cohesin on chromosomes during S-and prophase I. Figure 4E ). Also the apc ts-mutation cdc27-663 association with chromosomal axes although polycomplexes were more frequent than in MND2 cells. Interestrestored progression through meiosis in mnd2D cells; within 12 hr at 30°C, 60% of mnd2D cdc27-663 cells ingly, Rec8-N-ha3 restored cohesion but not efficient SC formation in ndt80D mnd2D cells; 75% of spreads produced asci containing four spores, 88% of which were viable ( Figure S5 ). Thus, reducing APC/C activity contained little or no chromatin-associated Zip1. These data show that synapsis requires inhibition of separase restores nuclear division and sporulation in mnd2D cells, which supports the idea that Mnd2 restrains APC/ through Mnd2-dependent accumulation of Pds1. However, blocking only Rec8 cleavage was not sufficient, C-dependent proteolysis of Pds1 and of proteins required to complete recombination. suggesting that synapsis requires inhibition of additional events triggered by separase.
Mnd2 Inhibits the Activity of the Meiosis-Specific APC/C-Ama1 Mnd2 Prevents Premature, APC/C-Dependent Proteolysis of Pds1
Which APC/C activator is required for Pds1 degradation in mnd2D cells? First, we removed the meiosisTo test whether APC/C-dependent proteolysis removed Pds1 from mnd2D cells, we expressed Pds1myc18 specific activator Ama1 (Cooper et al., 2000) . mnd2D ama1D cells produced Pds1myc18, performed both from the early meiosis DMC1 promoter ( Figure 4A ). Pds1myc18 appeared in wt but not in mnd2D cells, nuclear divisions, and separated sisters at the onset of anaphase II (Figures 5A-5C). Furthermore, mnd2D similar to Pds1 expressed from its own promoter. We then mutated Pds1's destruction box and KEN box, ama1D cells lacking Ndt80 stably maintained sister chromatid cohesion as they progressed through prowhich are required for ubiquitination by the APC/C. The mutant Pds1(mDK)myc18 protein accumulated to high phase I and arrested in pachytene ( Figure S2 ). Spreads from the arrested ndt80D mnd2D ama1D cells showed levels and blocked sister separation in both wt and mnd2D cells ( Figure 4A ). This suggests that APC/Csynapsed bivalents decorated with Rec8, similar to those from ndt80D single mutants ( Figure 5D ). These mnd2D cells ( Figure S6C ). Analysis of Rec8-N-negative cdh1D mutants detected Pds1myc18 in most of the data suggest that during S-and prophase I Mnd2 prevents premature Pds1 degradation and sister separacells. We conclude that in the mnd2D cdh1D extracts, Pds1 originated from nonmeiotic cells and that Cdh1 tion mediated by APC/C-Ama1. Analysis of ndt80D strains revealed that Mnd2 inhibits premature, Ama1-is not required for premature Pds1 degradation in mnd2D cells. dependent degradation of proteins in addition to Pds1; the levels of the cyclin Clb5 and of Sgo1 were low in the mnd2D mutant but recovered upon deletion of AMA1 Destruction of Cdk1 Kinases Activates APC/C-Ama1 during Anaphase I ( Figure S2 ). Ama1 is known to be required in late meiosis for spore formation ( (Fig-6C) . Nuclei did not divide although some cells separated sister chromatids. Spindles also disassembled in ure 2A). This was confirmed with strains expressing CDC20 solely from the mitosis-specific CLB2 promoter. the corresponding ama1D cells but Pds1myc18 remained stable. These data suggest that APC/C-Ama1 P CLB2 -CDC20 cells arrested in metaphase I with high levels of Pds1 whereas mnd2D P CLB2 -CDC20 cells beis inhibited during metaphase I by Cdk1 and then activated in anaphase I through Cdc20-dependent cyclin haved indistinguishably from mnd2D single mutants ( Figure S6A ). However, we detected Pds1 in extracts degradation. Consistent with this, expression of the M phase cyclin Clb1 from the DMC1 promoter caused from mnd2D cdh1D cells induced to enter meiosis. These extracts contained Ama1 but also the mitosismnd2D cells to perform nuclear divisions and to form spores, 66% of which were viable ( Figure 6D ). In conspecific cyclin Clb2, indicating that some cells entered meiosis whereas others continued with aspects of the trast, overexpression of the S phase cyclin Clb5 had no detectable effect (not shown), suggesting that inhibition mitotic cell cycle ( Figure S6B 
